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Mass  fractions  must  always  add  up  in  a  composite  with  n  phases. 
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illustrated  on  several  occasions  later. 

For  a  constant  strain  model  with  parallel  phases,  modulus  E  is  the 
preferred  property  because  simple  rule  of  mixture  equation  applies: 

E  =  XE.v.. 
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For  a  constant  stress  model  with  in-series  phases,  compliance  S  is  the 
preferred  property  because:  S  =  ^S^v^. 

Bounds  for  composite  modulus.  Note  lower  bound  is  the  reciprocal  of 
composite  compliance. 

Bounds  for  composite  compliance.  Note  lower  bound  is  the  reciprocal 
of  composite  modulus . 

Transformation  of  applied  stress  in  coordinate  x-y  to  material 
coordinate  x' -y'  by  a  positive  rotation  of  6. 

New  coordinates  x'-y'  in  terms  of  old  coordinates  x-y,  or  given  x-y 
and  0,  find  x'-y'.  Arrow  of  rotation  is  pointing  up.  If  6  is  negative, 
new  coordinates  are  x"-y". 

Mohr's  Circle  is  defined  by  invariants  I  and  R,  Phase  angle  6  is 

defined  by  a  specific  combination  of  stress  components  tr^,  o-y  and 

(Tv...  As  reference  coordinates  change  by  +6,  the  rotation  in  Mohr's 
xy 

Circle  is  26. 

Relevant  trigonometric  functions  for  stress  transformations.  Phase 
angle  6  displaces  the  function  to  the  right  (vertical  axis  to  the  left). 

Typical  stress  transformation.  Note  principal  stresses  and  maximum 
shear. 

Coordinates  for  off-axis  uniaxial  tests.  Shear  stress  will  be  positive 
if  fibers  oriented  along  -6. 
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rajasfbriiiafJipri 


-if jwe!  knjowl 


terial  sysf 


:<rrn'!x-' 


IVelusfe  strefes 

;  i 

the  sireAseg  -iik 


y  ,  we'lvaht  to 


pply  stresses  must  be  fi 


plnoi 


...  irhi... 


riile 


use,  negative  6  in  the 


except  now  ive 
forbaula.' 

It  is  tbenefdre  an  jimportant  rule:  of 
trapisformatioiij  to!  know  the;  positive 
lfroim..|he. 


the 
p-rtission; 


for! 


negative!. . dVe  .are .  all  awat e  of 

dif  f  ei  ence  Le  five  in  ^en  ii  oi  aid  fa  om  - 


, -hit  we  rarely  pay  attentifan  io -bositiveYiomnegaldvi-aheaiB 


jimportaiit  Tfar  is  otr  opic  mate  rials 


all  angles  of  rotation,  stresses 


harided  systi 
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Jd.  Formula ifor  Stress  Trainsforriiation 


cos  2(0*6) 
cos  2(0+6) 
sin  2(0ri5) 


12  New  coordinates  x'-  y'  in 
terms  of  old  coordinates  r 
x~y,  or  given  i-y  and  0,  fine 
i  [X'-y'.  Arrow  of  rotation  is 
I  pointing  up.;  If  0  is  negative 


6  =  6,  if  tr  >  (7 

■'I'  3i; 

4s  shoWn  1: 


Hand  R  a4e  invariants 

i  I  I  I  I  I 

,al  •ojrientaiti.ohs : ! .  . I 

ITieri -0  -p . 6T-'t-|-e-i ,  -Priilciiiai  •iDir  ectioiis' 

I  J  I  j__  !  ■  ■  '  i  !  i 

^1*  f '  !=  maiximum  6r  minimum  i  i 


.n  the  Mohrls  Circle 


When  0  -  6 

.  ;  ....  ■ .  i. 

orientation 


Mohr  ^s  Circle  ; is  defined  by 
inyariants  land  R.  Phase 
.angle '6  is  defined  by  a  Spe¬ 
cific  c  orhbinati  on  of  s  t r e  s  s 
components'  <t^  and 
As  reference  coordinates  i 
change  by  tfi,  the  irotatibn  in 
Mohr*s  Cirple  is  20, 

Special  attention  should  be 
given  to  value  of  6  : 


^LTiERNATiyElFciRMULA  FCte, 
STRfess  traInsformation  .t 


mn 


^  . 

1 

Sk'* 
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?.  IVlki MiJIvj  si Rassi  fAi lure  dRlt eAi  ON  FoA  uni  ()] IcjTl L  ^xlFjoSjiTlS 


Off-Axis  Tensile  Failure  Stresses  Undet 
Uniaxial  Stress  o' ^(cry=o-^y=0).  The  stresses 
in  the  material  symmetry  axis  x'  (along 
the  fibers)  can  be  obtained  directly  from 
Table  4.  ' 
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. '1  . “ . ^  '■  "'""I  . '  1  . i 

Off-^is  She^r  Strength  ’  _ 

sib sti tilting  5^^=  (r^  =  0  in':o  Table 

■  '4  TfcryiS'), .  . y  !  j 

■'  =  2mn  0-  =  (  sin  20) a  ^  i 

X  xy  '  '  xy  I  I 

■'  =  -2mn  O'  =-{  sin  20)0'  ) 

y  xy  I 

=  (m^-n^)o'  =  (cos  20)0-  J 

xy  '  xy  '  xy-' 

_ U . . . 


Lon^ 

\ 


/  V'  'r~TR^{. 

r  -  '  I  /  Cc*>f^ 

\  t 

\i 

SneAti 


-©epyid^ng^  on- tbf -signs-ox  the' s  tress . 

xiiimtinnents. ir^,l  o:^y..i?hiich  are _ 

fvnyioiis  cif  tjie  L^ks^f iakdi4  J 
the  following  istijenith  Icriterjia  Shall 
birasea. " h'Totie:  'Eaih  auafcraint  kn  "toe" 


X'/sin  20  X/sin  20 


T£^s 

CoMfH/ 


flKOrti. 

TBi^. 


Y/sin  20 


X/sin  20 


Y'/sin  20 


X'/sln20 


V 

V  V  »  '  •  ' 

n  /\xX-  '  \  / 


Y7sin20  Y/slii20 


S/dos|20| 


kgijre  19  . . jC)ff-iax^a.^heir*,,iitrengith,bas,;ej^^^^ 

i  riaoiimlaml  stress  c|ritiri|>n.  S:x  J 
iossibfe  JEkilure  mbdeS,  ^ncludin^ 

-  - ^  -d'Sltiv^e'''a'kd'''heg  ati|<i'e"-Bh-(Sa'ri . a:  fe- 

-  -  Ixbelet^. — kn  wiis  casei  Ibngituc.in- 

_  ^  al  tinsklelan|._C()ni|)re]ssi|ye jajrS 

rev^r  ijimitiiig  casSs.i  Matiix  | 

. h  enTdiTet  ~ckinpr  €  'ssi  i  vh:  an(^ . s]  i  eajr" ' ' 

- - - ar-e-fthi  Gontijolllngi  mpdeb.~| — f — 


si /cos  ^0 


'Sfcbs'Yj0- 


erjjus  'faiitti  e  c  -rit  e  ri a  o  thejr  tian  -  th^ 
mSUEL I  will  be  iis£,nisfip._,.latei,.. 


he  int|er^c^ioiio^an|y  2-£aiiu3'e 
ignre^  17  are  as  follows:  i 


-ii  i 


(35)  I 


RElNdm  ESIlME 

Tensile  StreMthI 


ISlTES 


. . ] . . . . i . . _ . . . . . 

-Jlt-miy.be.Ji5J5nme,djl^  of  a  randcim  fiber  j:oiiipcsitB,l!L.e<iua  L±c 

slxength  o:'  tbe  ^ea  uAdef  ti.e  off-axis  tejisile  ^jengfc^f  tl^  jtrea  uncler^^^l^^ 
^nsiielstrength  of  ii  unidirectional  comjios  .te  wiljh  tEe  sarne  cor sti :uents ,  (: 


te  nsi|ie|str|enith  |of  p  u|iidlre|ctiona|.  c(|m^os|te  [wiljh  t|ie 


-If 


Xg  d0 


J 

f®i  de  .  „ 

/■®2  d0 

/»'"  d9  1 

'  2  +  ® 

3  sin  e 

J  sin  6  cos  0 

“  +  Y 

1 

/ 

5  2  cos  ^ 

After  integration  - 


4  \!x~  i[x~" 

I  \y  '  “>\Y 


»a  s^  — 


Where  a  = 


•  Boron /Epoxy 

A  Grophite/Epoxy  / 

/ 

▼  Gloss /Epoxy  • 

O  PRD- 49/Nylon  12 
A  PRD-49/PMMA  ' 

V  Gloss /PMMA  ! 

□  Gloss/Polyethyiene  ^ 

O  Glass/828- Z  ^  - 

V  A 

■ 

DO  -r  ^ 


'hj  ar  lalj  tic  e  s  tiir  ^4  lb  aa  <  ^  j 
yX  fc.ctc  r  cf  1.5;  bu|t  tiie  trei 


=  ^(-f 

TT^'i’ 

1/ 


^  »  <2  (JL 


mixtu 


^  fcictc  r  of  ij.  5;  bujt  the  l^rend  ^pppars 
itu  e~Ft  ewatjon^  miKlhojfr  e  cfipnlEa  c ; 


10 

20 

40 

X/Y 

ligl 

f  J 

1  shea 

1 

r  s  :re 

igti)  falls 

■PP 

bars  t 

p  b  5  ii 

1  general 

fac  ;or 

P,  is 

isli()-wi  in 

e_ 

rule-bf 
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(2)  Given  i  e^. 


(mm/m)  or  (10  |jim/m) 


R 


TABtE  9  TRANSFORkED  AND  PRINCIPAL  STRAINS 


5.  '  STRAIN  ROSETTES 


Since  there  , are  3  strain  components  at  each 
point, !  S-ielement  rosettes  are  in  general  i 

needed  to  solve  for  3  unknowns.  ;  Assuming 
3  elements  are  mounted  at  3  different  angles 
from  some  Reference  coordinates,  each  rosette 
must  satisfy 


(cos  A)e  +(sin  A)  e  +  (sin  A  chs  A)e 


Figure  25  Strain  rosette’  orienta¬ 
tion  with  pbsitive 
angles.  If  an  angle  is  i 
i  negative,  it  shall  bb  SO 

entered  into  Equations 
I  (45)  and  (46). 


sin 


iFqlir^elem^nt  r  osette  ,,iS  ah  qVer- determined  system  when  ,h  „4th  equhtien  is  added; 


iMelthods 


eosette  is  adequate  if  additional  infohmation  on  the  strain  components  is  given 
if  from  symmetry  considerations,  e  is  known  to;  be,  zero,  or  e  =  e  ,; 
osette  can  be  used.  The  ahgle  betwfenTi  the  elements  (i.  e. ,  A-  B)  can  Ke  any  i 


^  0;  or  only  uniaxial 


if  it  is  known  that  e 
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ic.  ^Elastic  Syram®tries, 


jApLE  10  COMPLIANCE  AND  MODULUS  IN  TERMS  OF  ELASTIC  SYMMETRIES 
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Maxiniurft  Strain  Criteria  in  Stress  .Space 
From  Stress-Strain  relation  " 


i  Is  liimiiea|to  the 
letr y-  Axes  ehoi^  ■  -i 


|material|  sypa: 


Figure  34  Three  views  of  the 
i  i  !  I  maximum  strain  fail- 

;  j  ;  I  ure  envelope  in  stress: 
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:c.  Numerical  Example  of  In-Plane  Properties  of  T-300/5208  Laminate^.  For  this  materia 
P  |the  ply  properties  in  Glj’a  are:  Ij  =  49.5,,  1,^  -  26.9,  R^j  =  1 
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SECTION  VII 


PROPERTIES  OF  UNSYMMETRICAL LAMINATES 


1.  BAcicRoijNi) 


^Ati' unsyrnmctrical  laminS'te  is  one  does  not  have  mid.-  , 
iplane  symmetry  in  fte  layup  of  plies  .  This  type  of  laminate 
had  not  been  used:  extensively; in  actual  strudtures,  bfit  may 

be  boilsidered  if  dpeiiai  constraint^  or  effects,  such  as  . p 

minimum  gage^  aeroelastic  tailoring,  and  bimetallic  set-  ;  j 
iup  ar3  desiredL  Unsyrnmetric  laminates  iwill  warp  after  curing 
'warpa!ge'  wtll  chcingd  b|  temperature  ^nd;  m(i)isfur|  atsopption^ 


in  addition  tb 


S-jrmtnefric;  ydrstis  unsyrnmetric  laminates.;  Syrnmetry  is 
rriid  br  |6  =  0  plane . ;  l  ;  ;  I  i  ;  I 
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Formulas  for  Coupling  Modulus 


For  N  plies  witli  uniform  thickness  h 
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Integration  of  unsyrnmetric  ; 
laminates  must  be  performed 
for  the  entire  thickness  frorn 
-h/2  to  h/2.  (For  symmetric 
laminates,  integration  can  be 
limited  to  from  0  to  h/2). 


tinlike  and  lb 


Bj  j  can  be  positive 
negative  depending  on  the  shifting  of  the 
itral  plhne  up  or  down.  r — I -  f 


Substithtiiig  transformation 
can  be  defined,  j  i 
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3.  COUPLED  bend!  NG  AND  EXTENS I  ON  OF  LAMl  NATES 


Constitutive;  Relations 


Between  2  generalized  stresses  (N/&  M.),  and  2  generalized  deformations  (e^  &  k.j,  there 
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LiaiTiinate  (  Ftfom  Equation  328) 
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0.052  1.09  O.H 


-0.004  0.031  0.051  0.017  0.028  1.20  0.11 


0.117  0.260  0.361  0.182  0.239  1.39  0.65 


Remarks:  Numbers  inside  the  parentheses  for  Gr/Ep  are  measured  during  the  cooling  stage  of 
curing  and  the  heating  stage  of  postcuring. 
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(S)  Example  ;  .  I 

Eor  the  ^tate  of  stress  given  in 
stringth  Ivectorl  ahd  the  factor!  o 


5  4 ,  Ylia.t  is  the  stress  vector,  I  ..  - 

predicted  ijy  the  imaxirhurh  stress  criterion, 


Maxim-um 


Positive  Uniaxial  Maximum  Strain  in 
Negative  Uhiakiai  Maximum  Strain;  in 


i  cbmponent 


Rectangular, 


Maxiirium  Strain  Criterion  in  Stress  Space 


For  linearity  e.  =  S,.ct.,  combine  with  Eq.  (453). 
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1NTERACIIN6  FflliURE  CRITERION 


■mijilaliioii 
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6J  LAMi  NATE  STRENGTH 


Fir^st  Fly  Failure  I  _  j  t 

to  assess  laminate  strength  two  approaches  can  be  used 

(1)  r  Assuime  laminate  as  homogeneous,  fallowing  method  outline  xn  Sections  3  and  4, 

i  Txut  replace  tlie  Ikmina  failure  criterion  by  a  laminate  failure  criterion;  i.  e.  ,  by 
"  :  a^propriatelijumierical  value' for  F.^  and  highp  ord.er  terms  wHSiAppropriate 

(2)  i  Use  iarhinate  ;an4lysis  as  ^discussed  in  Section  V  to  obtain  stress  in  each  layer 
I  :  and  interrogate  layer  by  layer  using  proce4ure  outlined  in  Section  DC.  5. 

i  !  Ii|  this  base  stress  vector  and  strength  vector  fox;  the  k  layer  are  respectively 


,(k)^2 


,J . j _ '  i  .ii- 


2,1/2 


(471) 

1(472) 


-where’ are  the  failure  stresses  of  the  k™  layer  from  the  roots  of 


V  +  F.. 

’  1  :  1  i  1  »J 


(k)_  ,^(k)_  ^(k)  , 


i'^i 


i  J 


=  1 


<473), 


■  I-  -knd  F'®i,  4re  the  failure  tensors  for  the  direction  of  the  k*^  layer- 

r  ;  i  I  'U  ■  i  ;  j_  .  i  j  I,  ,  ,  :  .  ■  .  . . 

^  aeterijained^by  transforrnatibh  as  described  in  Section  III.  4. 

Rtpkati'ng  Ithis  for  all  theTay^  laminate,  the  potential  failure  layer  |  can  be 

seeni  graphically  in  represeiitatioii  such ^a^s  in  Figure  9i" 

:  III  Figure  4ia,  the  layer  0^  ^  is  closest  to  failure  and  layer  0  has  the  greatest 
niar^iniof  S3.f6ty»  Further  loading  would  lead  to  first-ply  failure  in  @  ■ 

;  Note  ihkt  margins  df  safety  are  in  general  not^  equal  for  all  laminates*  The  layer 

tlllckHess  an4/nr  orientation  may  be  varied  to  achieye  a  uniform  failure  condition 

!  I  ;  I  I  i  i  I  I  I  :  :  J _ j  . J . :  . . i.  .  i  ,L  ,,  , , 

'  as  shown  in  Fig<if  e ‘91b  which  is  the’uptimal  design.  The  methods  for  varying 

I  tl|es6  parameters  are  sizing  and  mathematical  optirnization.^  j  i  ’ 

1  The  procedure  of  determining  the  strength  of  a  laminate  configuration,  i.  ( 
undergoing  applied  loads  ^2’  s-ud  N^-is  foilo'^ing; 
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...  ^ehavior!  Afierl  Fiirst' Ply  Failiir^  . |...l...!  -  ‘  . ] . j  ^ 

iFaai:|re'loi  a  plyi  (any  mode) 'in  k  Ikmina^e  '(degraded”  the  laminate  but  may  no^  produce 
iiltiimJte  failurd.  iSeverkl  schemes  haVe  tieen  proposed  tp  accdunt  for  this  degradation 
"thcluding! . “''I'  V  i  i  i  j  i  i  I  ^  i  ^  i  i  ^ 
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Eq  (  487  )  can  be  us^d  to  determine  the  necessary  thickness  for  any  preselected 
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3.  FRACTURE  TOUGHNESS  OF  MULTI  DIRECTIONAL  LAMINATES 

a.  '  Crack  Tip  Damage 

(1)  Nondestructive  Examinations  (NDE) 

Transmitted  light  -  translucent  composites  (Gl/Ep) 
Radiograph  with  tetrabromoethane  -  Gr/Ep,  B/Ep 
. h  Dye  penetrant:  regular,  fluorescent 


Ultrasonic  C 

;;-s 

can 

1  i  j  ;  I  i 

Reflected  light 

-  smooth  surface.  ,  ,  <  i  ;  i  ;  i 

(2)  Typical  Crack  Tip  Damage 

Subcracks  along  fiber  directions 
Delamination  between  subcracks 


215 


f  ! - !  I  f  I 


=<J  “K;  H<I  -} 

[0/±3n]  [o/±i)5]  [o/±6o]  [0/90]  [0/±i45/90] 

Figure  10^  T|ypi|cal|  subciacjcs  |n  (jo/|:6^  anjd  Qo/445!/9d]  laminates 


Size  of  Ctack  Dajma:ge  |Zope  |c)  |  i  |  i  ;  I  |  i 

EHi  eci  meastir  :mi;nt  -  projected  lerigtll  al|on^  th*e  crac  k  plape 
Cdi  ripl  faiic  eiiHE  tci .  -  Ti  orfipliance  Iba  je^Pon  i  C  d)D  P  |  '  1 


poteplrance  jiricj.tc'H  - liornpliance  pas  e 
plastic  zone:  aiial(igy|-  analytical 


J _ j  ^  i  _  I _ 1  1  I  /K  \  ^  J _ 


_  _  L  i 

-  ..  -  . 

i  '  I 
... ...  -  .L... . . . -4-.. 


-{(K+Zr)^ 


_  - 1 - ^ - K - L_  K-I  = 

^..C  I - -.-..-y-  p  .  -.p.  -J  - 

:ff-k'!/cr|)  /a  :  i  1 


i 


n^a.  - . 

i  ly  I  1° 


iTAIBLlE-  J66  :  DAMAGE 


koNEi 


SIZE  ;(c)iIN{  0 


JEC' 

i 

9 

1  ; 

41 

i 

1 

66  i 

1 

.  1 

1  td 

I 

1.K9  1 

0i69b 

T 

0j99L 

1/07^ 


1  ■  17p 


^  (jPr  ZEp  -  - 


Radiograph, 
liniri  I 


clscUn 


o  [o/i«]^ 

^  [o/90/t49]| 


igure  106 

_.n _ 


Initial  Crock  Length ,  2o  ( in) 

I  I  I  I  I  I  I  1  I  I  J  I  .  . . . 

ebascid  on  Ine  displa  ceinett  tjetvreeh  tvo  points  3 
crack  s-arfate-i  Ae  rnaSterial' is  Gr/E  ).  f  29T" ^ 


nmlabWe 

L...„l . L . 


Rnistonct ,  ( ksi^} 


Figure  108  Resistance  curves  for 

Q)/±40  Gr/Ep.  Fracture  stress  is 
determined  from  K  =  Kj^  and 
;  0K/ 0a^dKj^/da.  For  the  com¬ 

posite  shown,  the  terminal  point 
of  corresponds  to  the  final 
fracture.  [291 


Initial  Crack  Length 


Eff«cllv<  Crock  Half- length  (In) 


Then 


P  when  a 


Initiation 


stress  at  damage  initiation 


independent  of  a  from  the  resistance  curves 


K  i  is^  seen  to  he  fairly 


of  the  following  linear  equation 


/  w 


TABLe;  67  ECPZ  SIZE  AS  !DEiTERMINED;  By  E;Q.J  54^^^^ 


a 

o 

c 

o 

K  la. 
c  p 

Range  of  2a 

Material 

Laminate 

MN/m^ 

mm 

/imn 

N 

mm 

Gr/Ep 

T300/5208 

[0/±45]s 

[0/±!*5]?s 

[0/90/±!i5]s 

[0/±l45/90]s 

[0/90]l,s 

5*tl 

lt5»t 

491* 

637 

1.372 

2.51*0 

1*.I*19 

3.175 

2.076 

2.825 

3.726 

3.158 

27 

10 

12 

12 

5-25 

5-25 

2-25 

2-25 

Gr/Ep 

T300/93i* 

[±it5/0/90]s 

[90/0/±lt5]s 

1*51 

1*99 

3.1*22 

2.221* 

3.279. 

2.61+3 

52 

53 

2-15 

2-15 

B/Ep 

[02/±it5]s 

[0/+!t5/0/-lt5]s 

[±i*5/02]g 

[0/+l+5/07-it5]3s 

802 

2.859 

2.997 

13 

1-13 

[0/±!t5/90]s 

[0/+45/90]i,s 

[O/90/±i*5]l,s 

1*18 

3.176 

3.159 

9 

1-13 

Gl/Ep 

Scotchply 

[0/±it5/90]2s 

[0/90]lts 

320 

1*23 

1.930 

1.290 

2.1*62 

2.013 

12 

12 

2-25 

2-25 

B/Al 

6o6i-f 

2001* 

0.991 

1.764 

11 

1.3-13 

BSiC/Ti 

Ti6-!* 

837 

2.206 

2.633 

12 

1.3-13 

i.  J . I 


i  Figure  jl09  Variation  pf  d  vdtt.  ciac 
. j  '  hiif-jleiigtii.  'i;29] 


_o _ 

o  o 


_o _ 

o  ° 


I  ^  J _ i . 1 _ L,. 

Angle  cjrack 


T 300/ 5208 
[0/90/±45] 


0.4  0 

a  /w 

;  !  :  i  i  I 


'  . 

!  1  j 

,-L. 


J _ I  I _ I  !  J 

I  M  I 

_ L . : _ Li . 


'  i  J  I 

±  J..„ . _I _ 


I  _ 


asinG  +  c ; 


I 


. 

I  __L 


I 

_ L  _ 

_ _ i _ 


L4 

IJ_  L 


4„_a 


...J _ \ _ i _ i _ L- 


o 


t  I _ I _ >  .1 

0.1  0.2  0.3  0.4  0.5 

{•  tln»)/W 


i  j  L  i 

ij . 1 . 1 . i . 

Normalized  fractuife  dtrenglh  ^ 

S 

normalize 
half  j-lengt 

d  e 

a. 

qui 

Gry 

valent  crack 
Ep'.  1  , 

. 1  '  i  ' 

. 

1  i 

I 

! 

f 

=== 

— 

1  - 

.  J 

L  ^ 

_j 

,  J 

: 

. 1 . 

i 

. 

'1  1 . r  "J 

ndi angle  cri 

ick 

,  dr/Ep. 

221 


222 


(1)  S-N  Relationships  ] 


i  I  I  1 

TtNSION- TENSION  FATtOtC 


T I . ri 


- -*•—  9 


2  ft/Cp.(iTO.R>O.I 

^  I  0* 

I  0.4  -  *  0‘I50KJ.90*(50%» 

S  0*(90%),t4S*(SO%l 

4  0»f60%J.»45«(40H) 

0.2-  5  0*(T0%).f1t»‘(S0%l 

«  0*C3)%l.teO*<Cf%l 

T  ©•(23%).i45*(S09l).00M25%) 


Fl^re  116 !  S-U 


tavtngi^  jrintff-T 


i  ,L 


j  ‘"fraction'  of  O’’ |pllp,1  RiO.  jl .  ^  Mjxirnutn  fatigue]  st|:es  s 


I  ;  I 


is  notm|ilized' with  respect  to  static  strejngth.  [3l] 


Lkrmnate  ko.;  j  1  ..i,..,  j . g] _  _ 3 . L..  1.-5  ...  —-5 

-Streftgtii,  MPa  iSSj — -  —7.^2  ..  „|7_7d— ,  J-StIz - ^ 


I  ivl.j:.. 

i  ''-r-'"'"  - 

b  \ . 

izil-  -Uii 


T300/939  (0, +45,  90,-45j,90,45,0) 

•  Smin  =  0 

4  S^  =  -10KSI 
■  Soiiii  • -16  KSI 


- 

1 

— 

: 

-J 

. 

, 

~1 

1234567  01234567 

L06  N  ,  ,  , - T - - 

I  I  ,  I  I  __  i  I  ;  _J  J  ,-.-j _ 

. . “T  '  I’igilre  ^  It  c  omprfessiori  in  fafeigu'e  of  Gr/I’p  ..an'iine.te 

. . 1- . J . -..U-l . . i-J-- 1-  i . - . - - 


-  B/Ep  0*(50%)t45*(50%’ 

-  7075-T6  .09'lhiclt 


lig'  iR®  11 [8  <  Ipj  s  te  life _ 

_ _ ( Lia.j  ;ia  cos  jfo:  l-B.  L 

\ — . — laisiiiata^ase-Ajl- 

I - - 07h+'’6; - ^ . 


0  0.2  0.4  06  0.8  1.0 


224 


225 


(Smox  )  n  /  Smax 


APPROXI^E  EREDI  CT  FOR  FATI  GllE  LjlFI„ 


a.  Off-Axid 


j  Strength 


_ _ „„L_ . i _ L... . _ --i - 1 - - 1 - 1 - - 

S  I,  d  ,ls„l . :  idngituimal,  transi^^ersej  sAea:- fatigue  Jstreii^th,  xhspectlEeLy. 

. JI,1  1 . . . ! . . ! _ 1 . L^^.L„4_„  L.,.._4,4.  ;  ,  J . L.i.^.,1 _ L.^, 

Sgi  cah  bfe  determinedly  ^PP^yi-hg  ill 

For  example,  ithd  maximum  striss  criteHon  of  Sectijon  II.  2.  a,  yields  ; 


i  Soj=mjin  j  6^ /m?-,- Sg/(inn) 


III 


i 


. 1 . 1-4 


2  40 

'a 

20 


- . - . -  y-FjigujTe  125  - 

-l- . ‘ . . . -..-J....-4- . ! — f . i- 


..] . - . j . j . I - i- . -I  - . j - 1 . t-  -  j  ■  -1  . i-  •  ■  '  . !  ■  "  I . 

trinsVerse  failure.  ‘The  da^  oan  be  fjit  4y  j 

_J  !  SsL=.,i^fl  N+b  I . I . I  . . J . i . 


(0*  10^  ' 

xi  fJ 

•-o.]l 

1 

-ai  Jrck 

•tig 

:.:i 

i 

I 

i 

1 

•■faild 

ire 

and  61 

3°  < 

Dtf-^axii 

,  J 

k„ '  -L  b„ 

0  1  0 


.„L . . 

T  i  |T 


i-  r-MPa-  -‘MPa  :-■  -MPa  - . -li/IP4 - MPa-i - MPa-— . — f— 

i'll  .  ‘  .  I  i  'I  I 

30:  j67.|97i  3.09  2^.43 - j— - - 

&0  i  t  2.  29!  '  ■  r— 4 . -44^— 2&*W 


•  :  I  :  I  •  !  I  I  j  I 

Far  5=30  °,  miGos  30  °,j  n-sin  30  °,i 
j  ■-  'Sgim^Spj-a^ldi^+b^  |-^-j 
a„i=m^aL,|  b^nto  b,J  ! 


I 


betweeA  data  and  prediction 


[01  G|/E|j. 


jN  ielatidnshipiof 


For 

01=60 

0 

m 

=  cds  6 

0° 

1 

■i=sj.n 

f  A  0 

dO 

1 

! 

. 

2 

;  1 

idg  lil  + 

r  j 

K 

t . 

60 

-a^ 

,  J. .  ^ 

-( 

55C 

)) 

-  2 
;n 

®^6b’ 

\ 

=  n 

'”'^60 

.  -t 

^reaictea 

S- 

IN -I 

. 

/ 

^20 

“  “ 

9.  ^14 

log  N:  +  91. 

57 

MJr'a 

• 

snear  14 

•  J. . 

aiiurc 

\ 

) 

3  n 

—  . 

14. 

70 

log  N 

+ 

bg 

.87 

MPa 

1  : 

tranSve 

rse 

failui 

•e 

552 

-) 

20 

. 

1 

Ttie  nrgt  Eq. 

gives 

lower  tatigu 

!  ^ 

e  str< 

ttg 

.ii  a 

Ltid 

1 

. . L . 1 . . 

_ 

! 

equatiods  based 

3n 

shear  ^ailur 

5 

f 

6 

o 

ag 

,  MFt 

b.i.  ^ 

iPa 

1 

0 

35 

.5^ 

338.  S 

J 

I 

^  10 

Is 

.07 

172. 

0 

1 

■B: 

Ilk : 

2 

"I 

- 

—  ■ 

z 

_ 

_ 

. H 

.... 

_ 

MPa 


For  <$1/Ep 


Q‘»i45 


•  STRESS  GTCLE 
X  STRAIN  CYCLE 


!  X 

; 

i .  .6 


Figure  128  !Ex|)er|.m^ntal  andipr^dicteii  S-N  cu:^ve^  p 

!,.! 1  .1  Ij  i  ! . I . i . : . !.' . J . i . ii . 


N  (cycles) 

“i' 

laminate. 


•  STRESS  CYCLE 
«  STRAIN  CYCLE 
©■iCO* 


»  ”  A 


^  (cycles) 


4igure  129  jExberkmsntKl  indjPTWij^teti-sj-N  cuj'vejs  -[±6o|  laminaie.|35 

i  j  !  I  i  !  ;  !  i  I  I  :  i  1  i  I  ;  i  i  I  I  I 


I 


X  (E 

1 . -1-  I-  I- 

o  v> 
z  ^ 
UJ  % 

■  T  e*e  Z 


<  ~i 

2  5  0.4 
§1 


33 

t 

-  U) 


1  CUOSEO:  STATIC 

/ 

OPEN  AT  10®  CYCLES 

i 

- 

/ 

'n 

B/Ep 

JB 

•  0 

ISO. 

X  0 

60* 

TV 

45* 

♦0 

45* 

/ 

•  0 

45* 

/  1 _ 1 — 

AA 

1 _ 

90* 

_ 1 _ 

. -4-1. 


J . . 


FRACTION  OF  0*  PLIES 


igure  130  jp^tigye 


tr^e  ngth  Jif  l|tro|naie  i  s  alpploxlm;  4jv  ejqu^tlo^e  loni  ;itudir  al 


atfgufe  sireigtji  niultipUedjbyjt4  frjactiotj  ofj  0°  pl|esj  [3l] 


i 

4. 

LIFE 

PRED 

ictidN  And  an/^l\¥i¥c 

F< 

>CATTE 

Rf 

\ 

L 

,  j 

Ap 

pii 

cation 

of  iF 

I 

ailure  Potbntlal 

1 

1 

! 

(1) 

a 

eneral  Fpi 
robability 

•rPul 

of  SI 

ition 

irvivii 

ig 

. ! 

ime  t 

— 

un< 

’ 

- 

leri  a 

i.oadin 

’  hi 

st( 

ry 

s(t) 

; 

j 

i 

Rft)  != 

dxp 

r  -ti>(T 

1 

1 

! 

563 

I, 

i 

A 

: 

T 

"  4 

1 

KTs(C))  a 

tr'-- 

3  » 

t  h 

as  the  c 

lime; 

ision 

df  t 

• 

f 

56^ 

T’ 

' 

— tj-'- 

o 

F 

ailiare  pat< 

iiitia 

1 

i" 

i 

1/) 

(T)  N 

a 

r 

1 

J 

56; 

Lh 

' 

R 

rule 

{  [ 

i 

] 

p 

Twer 

law 

— f  , 

,  /r' 

.f 

! 

■■— ( 

5j6,f 

()- 

;  - 

K 

,  1 

— / 

A — 

txpon 

!  : 

entiai 

iw: 

(s; 

^  exp 

(S/C 

\ 

7 

- 

1 

J 

(2 

)  ! 

3tr< 

sss 

Rup 

ture 

1 

s(C 

= 

S  1 

cons' 

Po'Wrer 

lay/  bxea 

kd 

/C 

3wii  ri 

lie 

T 

=  a/ 

r.-T  , 

!  (s 

1)" 

a? 

=  (s/Ci)'" 

t/^ 

( 

56i 

Oi 

. T 

^  Ot 
fc) 

)“ 

• 

' 

P 

(t)  = 

[- 

(Si 

'Cl 

1  = 

■■■[■  ■■■ 

eip 

(t/f 

■ 

. 4 

56i 

V- . 

I)' 

J  i 

4..J 

. 

_ 

to/t) 

(s/C 

=  1 

j 

. . t' 

1 

]■  ^ 

57C 

) 

ofc  log 

k/ 

!')+'|31( 

’g  £ 

1  ^ 

■og 

Po-Vi 

tion 

'er  la\ 
of  S- 

V  (] 

N  r 

! 

og  str 
elhtio 

ess 

ish 

ip. 

log 

til 

me 

re 

-pr< 

sse 

nta 

... 

! 

1 

i .  •  ■■■ 

Sxponentia 

1- breakdown  rule 

T 

1 
=  /{t 

exp 

(s 

/C6)d( 

r  = 

1  ; 

xp  ( 

s/C 

3) 

t/^ 

1 

571 

(t)  != 

'o:  Cz 

iXp 

Cg 

J 

i 

. 

••R 

i 

exp 

- 

(s 

fC3 

)  i 

r| 

=  € 

xp 

T- 

(t/1 

o)' 

r  ' 

572 

1 

(s/ 

(-< 

C3 

2 

(i‘ 

iior 

1 

e  - 

loi 

’  si 

,rei 

is) 

re; 

Dre 

ser 

ifat 

ion 

■■ 

(t 

o  A) 

i 

exp 

\ 

^2: 

• 

of  Is-tIj  Ti 

shi'D 

U 

’g(4 

/t)+ 

=  log 

Cy 

i 

57; 

i) 

' 

''3 

j 

i 

1 

. 

. 

_  . 

. 

— 

i 

1 

t 

•• 

1 

. 

233 


234 


ij  p.nd  Nonsimilarity! 


Definitions 


the  s^me  law  of  behavior  are  similar, 
different  laws  of  behavior 'are  nOnsimilar 


follow 


follow 


Obj  $cts^  that 


atoms 


ther eri  s  ah  texact'  duplication 


identical  if 


DISTRIBUTION  OF 
INITIAL  STRENGTH 


LOAD  2 


LOG  STRENGTH 
LOG  LEVEL 


STRENGTH 


LOAD 

^TIME 


]  DISTRIBUTION  OF 
i  LIFE  AT  LOAD  I 


DISTRIBUTION  OF 
LIFE  AT  LOAD  2 


DISTRIBUTION  OF  LIFE 


(a)  Liniilar  deterioration 


Life  distribution  of  similar  objects: 

i  :  •;;.!!!' 


INITIAL  DISTRIBUTION 
OF  STRENGTH 


OISTRISUTION  OF 
INITIAL  STRENGTH 


LOAD 

TIME 


LOAD 

TIME 


DISTRIBUTION  OF  LIFE 


DISTRIBUTION  OF  LIFE 


— 

— 

— 

— 

i 

r . . 

- 1 

i  1 

(a; 

_ 

j 

J  .  I  i 

- 

F’ieUrt 

133 

Life  dlstii'ibiiticin  of  nbnsimilar  obj,eJ;ts: 

(a)  . 

sirnilar  deterioratior 

i: 

1:1; 

k\ 

i  1  :  ; 

t - 

i 

^  j . 1  1  i 

. 

\  \  i  \ 

:  :  i  1 

’  -f  '  ' 

. 

1  J . 1 . J 

- 

- 

. 

. 

236 


237 


:)  Mathematical^ 


Deterihirie  strength  a|nd.ilifi-reliajbility 


Relationship  between 


strength 


In  terms  of  residual 


1  S'b  jielatidn^bebij^ed^^^^  dtetic  .|trj^_gi:h  ^ndj  fatiguje  1  if e.  < 

_  a  =  7J77,.  X . J  ,1^,44. :,GPa,  !a.  = -d.  74,  1 . =  1.  6xi. 

sj|  0  \  !  \  SL  ||o 

S  i  /x  =  p,  61.  Results  pf  proof  testing  arle  a,] 

. Lmfix  !  o _  .  ..  J _ 1-.  V.„i . J_-  1- . 


Figure 


mix 


c. 

Strerieth 

sgr 

a  da 

tio 

n  kkodel  '  [39, 4ll  : 

(1) 

iea 

L-a. 

! 

_ i 

s 

ilgu 

,J 

f  1 

histn: 

r  VL  £ 

(t). 

r 

1 

f 

. 

rr 

material  a 

1  i 

ge 

i 

Intf  odjuce 

nd 

rniializec 

vAriabl$s 

1 

— 

X 

1 

A 

yx 

T* 

t/ 

- 

/ 

/X 

S 

(,59 

31 

r 

» 

^  J 

s 

_ 

1- 

a 

r 

j 

r 

— 

= 

-  X 

3 

... 

» 

a 

> 

1 

(5' 

'V 

i 

—  <iT 

■ 

f . 

X 

a 

r 

= 

OL 

T 

(5C 

1  '  i 

[  '  " 

dT 

= 

K(s, 

~ 

dt 

(596) 

Aei 

' 

>ume 

1 

. f' 

Ot 

1 

j 

1 

K(£ 

t 

■) 

= 

i 

(5< 

)7) 

/ 

1 

1 

. i  I . . 

Weibull*  distr' 

bution  for  siatic  a 

tre 

ng1 

h 

1— . 

s 

' 

! 

i . 

R 

s 

'"s 

)  = 

exp 

- 

- 

. ! 

i- . ■■■■■ 

i 

\ 

os  / 

1 

.  ■  1 

f  ^ 

a 

f  + 

“r 

r\' 

/ 

Si 

j 

n 

(X 

= 

K 

0 

1) 

_ 

exp 

-1 

— 

- 

{5$9)! 

i-.- . 

1 

r 

■  r 

s 

s 

/ 

TxrVion 

it) 

c 

' 

!  i 

2) 

. 1 

( 

e 

r 

s(t) 

Lt 

= 

(L'^)  t 

(600) 

S 

s 

i 

T  = 

f 

+  % 

-1 

df 

1  / 

t 

P  ^ 

J 

(601) 

j 

*'o 

\< 

-1 

1 

''X 

1 

‘  ^  i  :  i 

iJt'y 

h-  c 

le 

a. 

"■  r 

r 

f 

J+a 

(6 

02); 

1 

.  I 

r 

s 

i 

! 

i 

: 

: 

' . 

A,t  failtire. 

X 

= 

s(t)/ 

A 

X 

= 

l&Z  X 

)  t" 

1 

(6b  3) 

i  i _  J . 1  J 

j  1 

1 

239 


1 

Or 

_ 

X 

s 

«r 

A  J 

ot^  X  t 

J4- 

CQ. 

-i  X 

+  e 

‘A 

r 

/P  +  A 

“i 

Cj- 

r 

i 

" 

1' 

1 

1 

r 

1  i 

X  —►  X  ;  as 

L 

— J 

-OO! 

. 

>  tl 

le  4treng 

:h  under 

l  V 

hi 

loa 

dir 

g  1 

ate 

• 

A” 

L  A 

Os 

"r 

ip 

. 

( 

_ 

X 

r 

a 

r 

+ 

c 

r  ^ 

H 

r 

+ 

h 

(  60 

( 

|3  + 

1  c 

! 

L . 

O 

B 

. 

z 

. I" . 

iri 

If  t,he- 

sec 

one 

1  te 

»rm 

is 

ne 

gngiD 

(fast 

te  coir 

Ibadifj 

g  rale 

\ 

'Lao 

tn, 

tapi 

. 1 . 

When, 

“e. 

“  II  is 

large 

r. 

:he 

tl 

X 

X 

(60 

6) 

. 

"  -  .  s  ■■■ 

. ! . 

"r( 

le 

.= 

- 

r 

r 

) 

“s 

(6D 

7-1 

exp 

1 

X 

-J 

!ir  st  t 

. 1 . 

^gli 

. 

gib 

;  : 

1 

oa< 

3rm  is  ne 

le. 

whicl 

i  can  ] 

lap^en 

W 

len 

,  e 

•  g* 

,  I 

J  is 

ST 

oal 

1  u 

lo\ 

7 

3in 

g  n 

ite),  t 

hen 

f 

/  ^ 

+  k) 

X  / 

^rl 

% 

- 

i  J 

s 

{6C 

L  '  1°^' 

^-.-1 

. 

. 

1 

+  0 

(tL) 

N 

P  + 

rvA 

c 

«r 

r 

(6C 

o\ 

X' 

’  A 

1 

OS 

..J 

(ji 

i 

e  that 

ll 

L  ‘ 

r 

J 

1 

Not 

=~C 

1 

,  t 

"  ■ 

aei 

E< 

1- 

(60 

8) 

is 

eq\ 

iiv< 

lie 

at  t 

o  Eq. 

(57 

9). 

(3) 

j 

i 

. ...  i . 

I 

Stress 

Rupture 

"  1 . 

. . j . 

:onst. 

: 

Si.  Oi 

161 

.0.1 

r  =  (s/Cj 

f/a 

i 

(61 

1) 

exp 

" 

(' 

-  “i 

4- 

/a 

i)  ( 

s/< 

3l) 

Oi^ 

\ 

•s/* 

“fr 

i  1 

n  the  fati 

r 

1 

/ 

toj 

r  r 

\ 

-=  ( 

. 

X  ' 

OS 

- 

“5 

/Or 

1 

Q 

1^ 

R,(t  )  = 

R^(s^ 

A 

x) 

- 

flf 

/x 

r  + 

(QL/a 

«) 

p/Ci) 

t 

L 

1 

3dj, 

} 

J 

i 

05 

161 

11 

• 

region 

,  the 

fir 

i 

net 

rlectet 

i. 

: 

:  1  i  ■ 

1 

240 


241 


Note  that 


Sjtrength  and  fatigue  propertiesi  of:  (~oi45/90/-k5 


/,90/4| 


Gr/Ep 


Model.|a.) 


Siodel  (h) 


45  Xi-GwfflplsJfci-y-.eLJDamage  J  Midel 


'ollowed  tiy  ii  hycjli 


1  tpai  1 


1 

. . i 

1 

J 

i 

i  ! 

)  ; 

tCL 

r 

i 

.  +1 

ul 

1 

....... 

.  \ 

1 . 

1 

i 

!  1 
.  _1 

.1 . 

1  __  1 

i^) 

\  j .. 

1 

.[62 

8),„ 

. 

1 

i 

i 

(629) 

[  . 

1 

1  ^ 

(45 

■op. 

(631) 

1 

242 


Model  (a)  "24.  I9 


Modtel  (bj  I  24719  I  845 


S' 

maXl, 

MPa 

247 


249 
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